Laccases belongs to multinuclear copper-containing oxidase and can act on a variety of aromatic and non-aromatic compounds. Due to their broad substrate specificity, they are considered as a promising candidate in various industrial and biotechnological sectors. They are regarded as a "Green Tool"/"Green Catalyst" in biotechnology. The present review focuses on structure, reaction mechanism, categories, applications, economic feasibility, limitations, and future prospects of fungal laccases. Thus, this review would help in understanding laccases along with the areas, which has not been focused and requires attention. Since past, immense work has been carried out on laccases: yet, new discoveries and application are ever increasing which includes bio-fuel, bio-sensor, fiber board synthesis, bioremediation, clinical, textile industry, food, cosmetics, and many more. Hence, it can be stated that fungal laccase is an enzyme which is "discovered but yet undiscovered".
Introduction
Laccases are p-diphenol:dioxygen oxidoreductase belonging to the family of multi-copper proteins. It was first isolated from the sap of Japanese lacquer tree Rhus vernicifera (Yoshida 1883) and are widely distributed in nature being found in plants, fungi, insects (Hattori et al. 2005) , and bacteria. First bacterial laccase was discovered in Azospirillum lipoferum (Givaudan et al. 1993) . Since bacterial laccases have low redox potential (Surwase et al. 2016) , fungal laccases are more preferred owing to their high redox potential (Songulashvili et al. 2016 ) (Additional file 1: Table S1 ).
Laccases have the ability to oxidize a wide range of aromatic and non-aromatic compounds which includes substituted phenols, some inorganic ions, and variety of non-phenolic compounds (Matera et al. 2008; Songulashvili et al. 2016; Nguyen et al. 2016; Surwase et al. 2016) . Due to its low substrate specificity, it can act on a broad range of substrates and has attracted considerable attention in different environmental, industrial, and biotechnological sectors (Afreen et al. 2016) . Laccases have been regarded as a "Green Tool", because they require molecular oxygen (O 2 ) as the only co-substrate for bio-catalysis and not hydrogen peroxide (H 2 O 2 ) (Surwase et al. 2016) . Laccases have the capability to reduce dioxygen to water by one-electron oxidation of substrate which are mainly substituted phenolic compounds.
Laccases have high catalytic efficiency and are used for technical applications in various industrial and biotechnological domains (Xenakis et al. 2016 ) which includes improving properties of fibers, bio-synthesis, energy exploitation, environmental protection, bio-detection, degradation of synthetic dyes, printing and dyeing industry, bio-pulping in paper industry, conversion of aromatic compounds (Zheng et al. 2016) , and removal of phenols which causes cancer and teratogenicity when present in waste water (Pang et al. 2016 ). In addition, it is also used in fast moving consumer goods (FMCG) as tooth-paste, mouthwash, detergent, soap, and diapers in cosmetics as deodorants; in beverage and food industry for wine and juice stabilization (Piacquadio et al. 1998; Alper and Acar 2004; Surwase et al. 2016) ; in dough or baked products to increase strength of gluten structures; in pharmaceutical industries as anesthetics, anti-inflammatory drugs, antibiotics, and sedatives (Nicotra et al. 2004; Surwase et al. 2016 ); and in nanobiotechnology as nanoparticle-based bio-sensors. However, laccases are not able to exhibit full efficiency under harsh conditions (Pang et al. 2016 ). Therefore, novel strains which can tolerate harsh conditions and give maximum enzyme production with minimum energy consumption are in huge demand.
The present review is an attempt to provide cumulative information on various aspects of fungal laccases, which includes information pertaining to the structure, reaction mechanism, categories, and industrial and biotechnological application of laccase.
Structure and reaction mechanism of laccase
Laccases are known to exist in a variety of forms; they can be monomeric, homotetrameric, heterodimeric, and multimeric. Their molecular weight ranges from 50 to 130 kDa depending upon the organism (Jaiswal et al. 2015) . The plant laccases approximately contains 45% carbohydrate content, whereas for fungal laccases, it is 10-30% of molecular weight (Baldrian 2006) . It is assumed that the carbohydrate portion of laccase ensures the conformational stability of the protein part and protects the enzyme from proteolysis and inactivation by radicals (Morozova et al. 2007 ). The primary structure of laccases consists of Greek key β barrel topology which constitutes of approximately 500 amino acid residues organized in three consecutive domains. These amino acids are distributed in three domains: first domain with 150 initial amino acids, second domain with 150 and 300 amino acid, and third domain with 300-500 amino acids. The stabilization of laccase structure is due to the presence of disulphide bonds between domains I and II and between domains I and III (Bertrand et al. 2002; Ferraroni et al. 2007; Matera et al. 2008; Plácido and Capareda 2015) . However, in Melanocarpus albomyces, three disulfide bridges are present of which one is inside domain I, another between domain I and domain III, and the last one between domain II and III (Hakulinen et al. 2002) .
Laccases are known to exist in four different Cu catalytic forms per protein unit. These four Cu ions are divided into three types of structures:
Type 1: paramagnetic 'blue' copper Type 1 copper confers blue color to multi-copper proteins, which is due to the intense electronic absorption caused by the covalent copper-cysteine bond. Due to its high redox potential of ca. + 790 mV, substrate oxidation takes place at the Type 1 copper site and has an absorbance at 610 nm (Matera et al. 2008) . Type 1 copper has a trigonal coordination, with two histine and a cysteine as conserved equatorial ligands and one position usually variable, and in case of fungal laccases, the axial ligand is leucine or phenylalanine. It has even been argued that the axial position ligand influences the oxidation potential of the enzyme, which possibly provides the mechanism for regulating its activity ( Fig. 1) (Claus 2004; Kumar et al. 2003; Enguita 2011; Garavaglia et al. 2004 ).
Type 2: paramagnetic ''normal/non-blue" copper Type 2 or normal Cu site (Niku-Paavola et al. 2004 ) is characterized by the lack of strong absorption features in the visible region and reveals usual electron paramagnetic resonance (EPR) spectra. Type 2 copper is coordinated by two histidines residues and is strategically positioned close to Type 3 copper.
Type 3: diamagnetic spin-coupled copper-copper pair
It is a binuclear center regulated by six histidines and spectroscopically characterized by an electron adsorption at 330 nm (oxidized form) and absence of an EPR signal due to the strong anti-ferromagnetical coupling between the two Type 3 copper atoms which is related to the presence of a hydroxyl bridge (Matera et al. 2008) . The Type 2 copper and Type 3 copper form a tri-nuclear cluster where molecular oxygen is reduced and release of water takes place. An example of one-electron oxidation of phenolic hydroxyl groups, while reducing oxygen and forming phenoxy radicals along with water are represented below (Felby et al. 2004 ):
The Type 3 copper centers also have common feature of another protein super-family which includes the tyrosinases and haemocyanins (Decker and Terwilliger 2000) .
Reaction mechanism of laccase: direct and in-direct oxidation
The basic reactions catalyzed by laccase can be of two types: direct oxidation and in-direct oxidation. The direct oxidation involves the oxidation of substrate to the corresponding radical as a result of direct interaction that occurs with copper cluster (Matera et al. 2008) (Fig. 2a) . However, in certain reactions, direct oxidation is not feasible as laccase can only oxidize those compounds whose ionization potential does not exceed redox potential of T1 copper ion (Morozova et al. 2007 ). Nevertheless, the limitation can be overcome by the use of mediator which is a two-step process: first enzyme catalyzes the oxidation of the mediator and then the oxidized mediator oxidizes the substrate (Fig. 2b) . However, for the reaction to occur without any obstruction, certain features should be exhibited by the mediator: (a) the reaction should occur without any hindrance, (b) it must be good substrate for laccase both in its oxidized and reduced forms, (c) it
should be stable; it must not inhibit enzymatic reaction, and (d) conversion must be cyclic in nature (Johannes and Majcherczyk 2000) .
Besides mediators, the use of inducer to enhance laccase production has been widely practiced in fungi especially in the white rots where metals, aromatic compounds, and phenolic compounds (Terrón et al. 2004) have been used as inducers. Conversely, there are certain substances which can inhibit the production of laccase and are known as the inhibitors such as sodium azide and dithiothreitol DTT (Additional file 1: Table S2 ).
Categories of laccase

White laccase
The white laccase exhibits neutral pH and has anomalous metal content which is responsible for its unique characteristic (Palmieri et al. 1997) . It exhibits absorption peak at 400 nm but absence of peak at 605 nm [T1 copper site] and 330 nm [T3 binuclear copper]. White laccase does not exhibit EPR spectra as well as T1 and T2 signals (Zhao et al. 2012) . The reason for the colorlessness could be due to the change in the valence state of the Cu 2+ , and no detection of EPR signal can be due to Fe 2+ which has low spin rate electron configuration. It was not deduced as to which copper was replaced with iron, but it was conferred that the lack of absorbance at 605 nm can be due to the incomplete oxidation state of copper which has fully occupied electron configuration of d 10 and no d-d transition (Zhao et al. 2012 ) and may be responsible for extra high activity of protein. White laccase has been considered under laccase family, because the primary structure of the white laccase is identical to those of known laccase and it uses oxygen (O 2 ) as an oxidative substrate. There is the absence of the formation of hydrogen peroxide (H 2 O 2 ) as the product of catalyzed reaction and substrate specificity exhibited is also the same as that of known laccase (Palmieri et al. 1997 ), e.g., Lepista nuda-molecular mass of 56 kDa (Zhu et al. 2016) .
Few strains reported for white laccase production include Pleurotus ostreatus (Palmieri et al. 1997) and Myrothecium verrucaria NF-05 (Zhao et al. 2012) . These strains besides single copper atom consist of various metal subunits; for Pleurotus, it consist of one copper, two zinc, and one iron atoms (Palmieri et al. 1997) ; and Myrothecium verrucaria NF-05 consist of three copper and one iron atoms (Zhao et al. 2012) .
Yellow laccase
Yellow laccase is artificially reduced blue laccase as it does not have absorption at 600 nm and EPR spectrum (Leontievsky et al. 1997; Pozdnyakova et al. 2006) . Alteration of blue-to-yellow laccase can occur by the reduction of type I copper site by aromatic product of lignin degradation or binding of specific amino acid of enzyme polypeptide to a molecule of modified product produced by lignin degradation; it can also be due to heterogeneity induced by glycosylation (Mot et al. 2012) . The modified molecule bound to the apoenzyme performs the function of electron-transfer mediator analogous to the role of 2,2-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) or other compounds in the reaction of blue laccase (Leontievsky et al. 1997) , hence having high redox potential which allows them to oxidize non-phenolic compounds without any mediators (Mot et al. 2012 ) and having greater industrial potential (Daroch et al. 2014) . The change in protein conformation may explain the sensitivity of yellow laccase to CO and other inhibitors, e.g., P. tigrinus (Leontievsky et al. 1997 ). At present, information about the purification and characterization of yellow laccase is extremely limited and their catalytic properties are still seldom investigated. Much work has not been done on the yellow laccase, but a few strains which are reported for the production of yellow laccase are as follows P. tigrinus (Leontievsky et al. 1997) , S. aeruginosa, G. fornicatum (Daroch et al. 2014) , P. ostreatus (Pozdnyakova et al. 2004) , Panus tigrinus 8/18, Phlebia radiate, Phlebia tremellosa, Pleurotus ostreatus D1 (YLPO) (Pozdnyakova et al. 2004) , Sclerotinia sclerotiorum (Mot et al. 2012) , and Panus tigrinus (Leontievsky et al. 1997) .
Industrially important laccase
The enzyme required for the industrial application should have the ability to tolerate wide range of pH and temperature and it needs to be operational under industrial conditions. Thus, alkaline-tolerant and thermo-stable laccase are desired by the industries, but due to limited information, its application has not been feasible at a commercial scale. However, these limitations can be overcome by the use of various immobilization techniques which can help to enhance the stability of laccase, thus enabling its use at industrial scale (Additional file 1: Table S3 ).
Alkaline-tolerant and thermo-stable laccase
Alkaline-tolerant laccases have their utility in a number of industrial areas, but their application is not possible at commercial scale as very few laccase have been identified till date, e.g., in hair coloring industries, alkaline-tolerant laccase is more preferred. In the work done by Saito et al. (2012) , laccase was used for the development of hair coloring products which was functional at pH 9. Similarly, Singh et al. (2007) isolated fungal strain which could tolerate pH range of 4-10 and was used for the degradation of indigo carmine dye. However, more research is required for the efficient isolation and identification of enzyme which are able to tolerate various pH ranges and have its application in the industrial sector.
Laccases exhibit great industrial potential, but due to limitations such as less stability, less tolerance to high temperatures, expensive stimulators, and purification processes, its application is restricted. Activated thermostable enzyme was reported by Coll et al. (1993) , and from various studies carried out, it was found that packing of protein increases the content of helical fold, density of H bonds, salt bridges, distribution of charged residues, proportions of amino acids, and glycosylation. The above-mentioned factors are responsible for enhancing thermo-stability of the enzyme (Kumar and Nussinov 2001) . However, intense study is required which could help in the identification of thermo-stable laccase for its utilization in the industrial sector (Additional file 1: Table  S4 ).
Applications of laccase in various industrial and biotechnological fields
Laccases due to their catalysis have applications in wide array of industrial and biotechnological sectors. Some important areas are as follows (Fig. 3) .
Advance bio-fuel: production of biogas and bio-ethanol
The utilization of second-generation bio-fuels such as biogas and bio-ethanol is regarded as 'greener' approach as they are produced from sustainable feedstocks. Laccases are intensively investigated for the pretreatment of lignocellulosic materials for the production of bio-ethanol or biogas as it increases the fermentability of lignocellulosic materials through lignin degradation (Tabka et al. 2006) . Various physical and chemical pretreatment processes are used to minimize the effect of lignin, but enzymatic approaches such as lignin oxidization or delignification either singly or in combination with other pretreatment methods are considered as they are ecofriendly and economically feasible process (Kudanga and Le Roes-Hill 2014) . Delignification by laccase is carried out with mediators due to the low redox potential of laccase, complexity, and size of lignocelluloses materials. It can easily oxidize; oxidizable phenolic units at the surface of the substrate which constitutes less than 10% of the polymer. Laccase mediator system (LMS) generates Fig. 3 Applications of laccase in various industrial and biotechnological sectors radicals which can cleave covalent bonds in lignin as they can oxidize both phenolic and non-phenolic lignin components (Kudanga and Le Roes-Hill 2014) .
Recently, a system that uses immobilized laccase for detoxifying lignocelluloses hydrolysates was developed (Ludwig et al. 2013) . Laccase treatment can be accomplished using free purified laccase or whole cells which produce the enzyme. However, when whole cells are used, it becomes difficult to find a direct correlation among enzyme production, lignin degradation, and sugar yield (Salvachúa et al. 2011; Yamagishi et al. 2011 ). The majority of delignification processes catalyzed by laccase and LMS are either for research purposes or for the purposes of bio-pulping (Du 2013) , and can be used for biogas or bio-ethanol production (Kudanga and Le Roes-Hill 2014).
Bio-fuel cell-an eco-friendly tool to generate low-voltage electricity
Bio-fuel cell can be described as cell which converts chemical energy to electrical energy, with the help of microorganisms (Chaturvedi and Verma 2016) . It is considered as a clean technique for generating electricity without emission of green house gas (Zebda et al. 2012) . They have the capability to supply electricity to devices which requires low energy input. The advantages associated with bio-fuel cells are that the enzyme coat are cheap and economically feasible, replacement is easy and convenient (Nazaruk et al. 2008) , and the activity can be performed at room temperature, neutral pH (Fig. 4) (Kulys and Vidziunaite 2003) . Laccase has been used in the synthesis of bio-fuel cells due to its ability to oxidize phenols, and reduction of oxygen to water by four electron transfer at high redox potential (Zheng et al. 2008) , which is an important application of laccase in the cathode compartment of bio-fuel cells (Quan et al. 2004 ). However, due to the complex redox centers, orientation of laccase at the electrodes and electrical insulation of bio-catalytic site formed by surrounding protein shells (Zebda et al. 2012) inhibits direct transfer of electron. Thus, to solve the problem of shuttling, electrons are mediated by the help of redox mediators like ABTS and osmium-based polymers (Zheng et al. 2008 ) which results in in-direct oxidation. The performance of glucose bio-fuel cells (GBFC) is largely governed by the materials of the electrodes used and the mechanism of their assembly on the electrode surface (Zebda et al. 2012 ).
Bioremediation of the environment and detoxification of effluents
Today, world is witnessing very high level of pollution by xenobiotic compounds. Some of the chemicals are potent carcinogen and mutagen. The traditional physical and chemical treatment processes are widely used for the treatment of these pollutants; however, the processes are costly and require sophisticated instruments. Thus, the use of enzymes for removal of aromatic pollutants is considered as an eco-friendly, cost-effective, and efficient step in bioremediation. Laccases are currently employed in bioremediation of chlorophenols, polycyclic aromatic hydrocarbons, lignin-related structures, organophosphorus compounds, phenols, and azo dyes (Saratale et al. 2011; Khan et al. 2013; Viswanath et al. 2014) . The biodegradation of a mixture of pentachlorophenol (PCP), 2-chlorophenol (2-CP), 2,4-dichlorophenol (2,4-DCP), and 2,4,6-trichlorophenol (2,4,6-TCP) using fungal laccases produced by Trametes pubescens was evaluated by Gaitan et al. (2011) . Laccases are also able to metabolize dichlorodiphenyltrichloroethane (DDT) in soil (Zhao et al. 2010) and biodegrade 2,4-dichlorophenol (Bhattacharya et al. 2009 ).
Fungal laccases are used in the decolorization and detoxifications of effluents discharged from industries (Chandra and Chowdhary 2015) like food, textile, pulp/ paper, and plastic (Viswanath et al. 2014 ) which pollute water due to the release of colored effluents and by the Fig. 4 List of advantages associated with the usage of bio-fuel cell over conventional fuel cell formation of carcinogenic intermediates such as aromatic amines from azo dyes (Mahmoodi et al. 2009 ). Dyes are usually resistant to fading on exposure to light due to their complex chemical structure and synthetic origin (Lin et al. 2010) . Since the conventional dye treatment systems are very expensive and consume high amounts of chemicals and energy biological treatment seems to be an effective alternative. The use of laccase in dye degradation has been studied and they act on chromophore compounds such as azo, anthraquinone, heterocyclic, indigoid dyes, polymeric dyes, remazol brilliant blue R, triarylmethane, and triphenylmethane (Abadulla et al. 2000) . The enzymes due to their specificity attack only the dye molecules as a result of which valuable dyeing additives and fibers are kept intact. Thus, being an effective method to bioremediate the environment of the toxic dye effluents.
Laccase has also been used in paper making to increase its strength related properties with the help of ferulic acid applied in sisal pulp (Aracri et al. 2011) . It has also been grafted with natural phenols in unbleached fibers along with the analysis of antibacterial activity (Elegir et al. 2008) . The industrial preparation of paper requires the use of chemicals which actually causes environmental pollution. However, LMS can be used as an eco-friendly tool where the use of chlorine-based treatment process can be minimized. It has already found practical applications in Lignozym ® -process (Call and Mücke 1997) . However, bio-bleaching studies were focused on wood pulps and Camarero et al. (2004) explored the potential of LMS to remove lignin-derived products responsible for color from high-quality flax pulp. They showed the feasibility of LMS to substitute chlorine-containing reagents in manufacturing of these high-priced paper pulps.
Desulfurization and bio-solubilization
Laccase can be used for the desulfurization of harmful sulfur containing compounds which are generally emitted during the post-combustion or pre-combustion of fossil fuel. Similarly, bio-solubilization can help in the generation of low grade ores and liquid fuels from coal (Arora and Sharma 2010).
Bio-sensor-a new approach having multiple usages
Bio-sensors can be developed by the aid of single-or multi-enzyme system (Kulys and Vidziunaite 2003) . It can be defined as an "analytical device that combines biological material (e.g., enzymes, cells, microorganisms, tissues, etc.) with an appropriate transducer (e.g., optic, electrochemical, calorimetric, piezoelectric, etc.) capable to give selective/quantitative analytical information" (Leite et al. 2003) . The work on bio-sensors was initially initiated by Guilbault and co-workers on amperometric bio-sensors which emphasized mainly on clinical applications of bio-sensors. It has been used in clinical field for the determination of dopamine (Xiang et al. 2007) . However, at present, research has diverted towards the determination of phenols and its control (Kulys and Vidziunaite 2003) .
The biological material in the bio-sensor generates signal which is later converted to response and can be of various types like current, temperature, etc. The desired feature which needs to be present in bio-sensor are application-dependent sensitivity, selectivity, reversibility, speed, and a long lifetime with the minimal power consumption and sample volume (Leite et al. 2003) . Mousty et al. (2007) developed the concept of biosensor devices for the reagent-less detection of laccase inhibitors and modulators. As an end result, several phenol bio-sensors based on laccase have been fabricated as they have high selectivity, convenience, reliability, and high sensitivity (Mei et al. 2015) . Various researchers have worked on the field for creating bio-sensors with the help of laccase for the detection of phenols (Cabaj et al. 2011; Nazari et al. 2015) , pesticides, and laccase inhibitors (Mousty et al. 2007 ). The combination of twoenzyme system has also been developed to determine the synergistic effect in the detection of the desired product or pollutant (Leite et al. 2003; Medina-Plaza et al. 2014) .
Clinical application of laccase
Initially, laccases were used in bio-sensors for clinical applications; however, other applications of laccase in clinical sector were exploited which includes its usage in the removal of clinically generated pollutants from the environment for, e.g., the non-steroidal anti-inflammatory drugs (NSAIDs) usually found in the aquatic environments which damages liver and kidney of animals consuming water from the sites contaminated with drugs. This has lead to rapid decline in vulture population in India and Pakistan. Thus, removal of this pollutant NSAIDS, e.g., naproxen and diclofenac, which has accumulated in the environment can be achieved by the use of laccase (Lloret et al. 2013 ). Other clinically generated pollutant include estrogen's whose main component estriol produced in urine, placenta during pregnancy, and primary estrogens are produced by adipose tissues of males and post-meno-pausal women which causes pollution of aquatic body. Laccase can be used for the treatment of the water body polluted with estrogens or its components (Ueda et al. 2012) . As the removal cost at the water treatment plant is high and requires high energy, laccase can provide cheap treatment and operational activity at room temperature.
The other aspect includes fungal laccase from A. cylindracea, it exhibits anti-proliferative activity against cancer cells and inhibitory activity toward the HIV-1 reverse transcriptase (Hu et al. 2011) . The strain Inonotus abaumii also exhibits anti-proliferative activity against the cancer cells (Sun et al. 2014 ).
Fiberboard synthesis from laccase: an eco-friendly approach
Fiberboard consists of wood-based materials joint together by synthetic adhesive which in most of the cases is formaldehyde. The main disadvantage of using formaldehyde based adhesive is the release of formaldehyde from fiber board and its exposure to humans as a potent carcinogen. Thus, to substitute formaldehyde, laccase has been used in the treatment of fibers to make fiberboard which are much better in contrast to boards made from untreated fibers (Fig. 5) . It gives better fiber-to-fiber interaction and better transfer of fiber-to-fiber stress. One more advantage of enzyme treated fiber includes increase in the hydrophobicity which gives an indication that lignin of the fiber has precipitated to the surface making it water repellent also resulting in the change of the chemical composition of the fiber (Felby et al. 2004) . Other approach in production of fiberboard is lignin polymerization. In this method, laccase is used for the oxidation of lignin which produces large number of free radicals which are highly reactive and can catalyze a number of reactions such as polymerization, copolymerization, and grafting which are important reactions during fiberboard synthesis (Saastamoinen et al. 2012; Felby et al. 2004 ).
Cotton and jute
Laccase has its utility in cotton and jute industry, as well. The laccase TEMPO oxidation was used for grafting octadecylamine onto cotton fibers to obtain hydrophobic nature of the fiber that increased after enzymatic treatment of laccase was applied (Yu et al. 2016) .
Jute increases binding capacity of composite but has disadvantage due to its hydrophilic nature, which can be overcome by the treatment of jute by laccase. The treatment helped in increasing the hydrophobicity and improved composite synthesis which would eventually enhance the properties of jute fibers. In jute industry grafting was done by dodecyl gallate (DG) and laccase to increase the hydrophobicity of the fiber to enhance the composite reinforcement (Dong et al. 2014 ).
Food industry: a new approach
Laccase is used in food industry for the production of economically feasible and healthy foods (Brijwani et al. 2010) . For instance, browning of fruit juices is a major drawback in beverage industry and can be overcome by the use of laccase (Ribeiro et al. 2010 ). In bread making, laccase is added as an additive to the bread dough which improved flavor, texture, volume, and freshness of the bread. Laccase also increased the crumb structure, volume, and softness of bread (Selinheimo et al. 2006) .
Fruit juices contain various phenolics which impart color and taste to the juice. Oxidation of these compounds is employed to increase the stability of fruit juices. Naturally occurring phenolics and their oxidation products are present in many fruit juices which are responsible for its color and taste. The natural co-oxidation reactions result in unwanted changes in aroma and color, which increases due to a higher concentration of polyphenols and polymerization of phenols and polyphenols in the fruit juices. The treatment of laccase decreases the phenolic content of juices and enhances the color stability of apple juice (Ribeiro et al. 2010 ).
Commercialization of laccase
The study by Osma et al. (2011) focused on the expenditure associated with the production of laccase from white-rot fungus Trametes pubescens. It showed that the cost of production is low, but the cost associated with downstream processes such as purification of laccase is high. The purification process increases the overall cost of production, thereby hindering its commercialization. Thus, research should be focused in the development of better and cost-effective methods for large-scale production and commercialization. The commercialization of laccase scale would enable the development of "greener" approach for "clean" environment as it would contribute in bioremediation of the environment, chemical-free treatment in industries, development of chemical-free product, e.g., hair coloring, and detection of pollutants as it can be used as bio-sensors.
Limitations and future prospect
Since the discovery of laccase application has increased in various industrial sectors. However, there are various limitations associated with laccase and its utilization. Thus, research now has to be diverted towards the "not so focused" aspects of laccase, so that the applications of the enzyme could be further broadened (Fig. 6) .
Discovery of novel enzyme with interesting activities, e.g., intracellular, yellow and white laccase and alkaline or pH-tolerant laccase which can remain active in industrial operating condition with enhanced lifetime of laccase activity needs to be identified. Improvement of enzyme activity and stability through immobilization and protein engineering will help to obtain more robust and active enzyme which will help boost its exploitation, reutilization, and production, thereby enabling commercialization. Study should also focus on thermodynamics and physiological properties affecting catalytic performance of laccase.
Industrialization if possible at large scale can help solve many environmental-related issues and can efficiently help in bioremediation of the environment in healthier, greener, and cleaner way. Thus, research now has to be diverted towards the "not so focused" aspects of laccase, so that the applications of the enzyme could be further broadened.
Conclusion
This review clearly demonstrates that laccase is one of the most important enzymes being used in different areas of biotechnology such as food technology, medicine, bioremediation of xenobiotics and pollutants, fiberboard synthesis, etc. This suggests that laccases are essential in the field of biotechnology, which can address the problem of pollution and ecological imbalance caused by largescale use of chemicals in various industrial processes. It felts that still research is required in this field, so that new strains capable of producing industrially important laccase are isolated and applied on commercial scale. Thus, much work needs to be done on laccase and it can be correctly stated that fungal laccase is an enzyme which is "discovered but yet undiscovered".
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